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Abstract

Autism-spectrum disorder (ASD) is a neurodevelopmental disorder characterized by persistent
deficits in social communication and repetitive patterns of behavior. ASD is, however, often
associated with medical comorbidities and gastrointestinal (GI) dysfunction is among the most
common. Studies have demonstrated a correlation between Gl dysfunction and the degree of social
impairment in ASD. The etiology of Gl abnormalities in ASD is unclear, though the association
between Gl dysfunction and ASD-associated behaviors suggest that overlapping developmental
defects in the brain and the intestine and/or a defect in communication between the enteric and
central nervous systems (ENS and CNS, respectively), known as the gut-brain axis, could be
responsible for the observed phenotypes. Brain-gut abnormalities have been increasingly
implicated in several disease processes, including ASD. As a critical modulator of ENS and CNS
development and function, serotonin may be a nexus for the gut-brain axis in ASD. This paper
reviews the role of serotonin in ASD from the perspective of the ENS. A murine model that has
been demonstrated to possess brain, behavioral and Gl abnormalities mimicking those seen in
ASD harbors the most common serotonin transporter (SERT) based mutation (SERT Ala56) found
in children with ASD. Discussion of the gut-brain manifestations in the SERT Ala56 mice, and
their correction with developmental administration of a 5-HT,4 agonist, are also addressed in
conjunction with other future directions for diagnosis and treatment.

Keywords

Serotonin; Gut-brain-microbiome axis; Autism spectrum disorder; Enteric nervous system;
Serotonin 4 receptor; Serotonin reuptake transporter

* A publisher's error resulted in this article appearing in the wrong issue. The article is reprinted here for the reader's convenience and
for the continuity of the special issue. For citation purposes, please use original publication details; Pharmacol. Res. 132 (2018) 1-6.
"Corresponding author at: Morgan Stanley Children’s Hospital, Columbia University Vagelos College of Physicians and Surgeons,
Department of Pediatrics, Division of Pediatric Gastroenterology, 620 West 168! Street, New York, NY, 10032, USA.

Conflict of interest
Neither author has any conflicts of interest regarding the data presented in this manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Israelyan and Margolis Page 2

1. Introduction

Autism-spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder
characterized by persistent deficits in social communication and repetitive patterns of
behavior [1]. The prevalence of ASD among school-age children in the US has more than
doubled over the past decade, with recent data from the Center for Disease Control
estimating a prevalence rate of 1 in 68 [2,3]. Despite the rapid increase in prevalence, the
precise etiologies of most cases of ASD remain unknown.

Though classified as a neurodevelopmental condition, ASD is often associated with multiple
medical comorbidities and gastrointestinal (GI) problems are among the most common [4—
6]. Of the GI conditions experienced in ASD, constipation is reported most frequently [6,7].
Gl symptoms occur at a four-fold greater rate in ASD when compared to the general
population [7] and studies have demonstrated a correlation between the degree of social
impairment and the likelihood of constipation [8]. Further, subsets of individuals with
functional constipation and ASD exhibit more severe behavioral problems, including self-
injury, aggression, and rigid-compulsivity [9-11]. The etiology of constipation and Gl
dysfunction in ASD is unclear. The association between Gl dysfunction and ASD-associated
behaviors raise questions as to whether an abnormal gut-brain connection exists in ASD
and/or a dysregulation of factors that critically affect enteric and central nervous system
(ENS and CNS, respectively) development is present.

The gut-brain axis is defined as the bidirectional communication between the CNS and ENS.
One of the factors that affects this axis, the intestinal microbiome, has received considerable
attention [12-14]. Dysregulation of the interactions between the brain, the intestine and the
enteric microbiome has been implicated in several disease processes involving both the CNS
and ENS, including, in addition to ASD [15-17], functional GI disorders such as irritable
bowel syndrome [18,19], psychiatric disorders such as anxiety and depression [20,21], as
well as Parkinson’s disease [22].

2. Serotonin as alink in the gut-brain axis

There is evidence to suggest that serotonin (5-hydroxytryptamine, 5-HT) may be a nexus for
the gut-brain-microbiome axis [23]. During CNS development, 5-HT plays critical roles in
the regulation of neuronal differentiation and migration, as well as axonal outgrowth,
myelination and synapse formation [24,25]. Enteric 5-HT, which accounts for > 90% of the
body’s 5-HT stores, is contained in two primary reservoirs: in the intestinal epithelium,
where it is produced by enterochromaffin (EC) cells, and in neurons of the ENS [26]. Enteric
5-HT production is controlled by two different isoforms of the same rate-limiting enzyme,
tryptophan hydroxylase (TPH), based on its locales (Fig. 1). Synthesis of neuronal 5-HT,
both in the CNS and ENS, is regulated by TPH2, while EC-cell derived 5-HT is produced by
TPHL1 [26].

Although the vast majority of intestinal 5-HT is located in the EC cells, it is the neuronal
pool of 5-HT that is most critical for ENS development and motility [26,27]. During ENS
development, serotonergic neurons are among the first inhabitants of the ENS, where they
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impact neurogenesis and guide the development and survival of late-born neurons, including
those expressing dopamine, gomma-Aminobutyric acid (GABA) and calcitonin gene-related
peptide (CGRP) [28]. Further, genetic deletion of TPH2 leads to a reduction of neuron
density in both neuronal plexuses of the ENS, as well as slowed intestinal transit both in
vivo and in vitro [27]. GI motility was initially thought to be entirely dependent on neuronal
5-HT because no in vivo motility abnormalities in Gl transit were detected in mice lacking
epithelial 5-HT (TPH1KO) [27]. Motility abnormalities in TPH1KO mice, however, have
more recently been observed; generation of peristaltic reflexes do not occur in TPH1KO
mice with mucosal stimulation and instead require stretching of the gut wall. Further, even
when they are produced, these contractions demonstrate deficiencies in propagation [29].
This may be because the absence of 5-HT in EC cells interferes with mucosal activation of
peristaltic reflexes [30]. Because, however, peristalsis can be evoked with stretching, it is
also possible that other paracrine messengers or direct stimulation of stretch-sensitive nerve
fibers in the bowel are able to substitute for the role of 5-HT in TPH1KO mice [31].

5-HT is inactivated by monoamine oxidase (MAQ); because, however, MAO is located
intracellularly, secreted 5-HT needs to be taken back up into the cell before it can be
inactivated. Because 5-HT is a highly charged molecule, it cannot passively diffuse across
cell membranes and thus requires transport. The serotonin reuptake transporter (SERT;
Slc6ad) is primarily responsible for this intracellular transport (Fig. 1). Increased or
decreased levels of SERT can thus lead to decreased or increased levels, respectively, of the
5-HT available for neurotransmission in the brain and the intestine [32]. Murine models
possessing abnormalities in SERT during development, such as SERT knockout mice, as
well as mice that receive selective serotonin reuptake inhibitors during pregnancy and
breastfeeding, exhibit ENS hyperplasia as well as long-lasting deficits in ENS-mediated
functions, including in vivo and in vitro gastrointestinal motility [33].

Because 5-HT impacts the development of both the central and enteric nervous systems, 5-
HT and/or its modulators (e.g., SERT) could play an important role in the both the brain and
intestinal anomalies in ASD. 5-HT has been associated with ASD since the 1960s [34] when
studies revealed that approximately 30% of individuals with ASD exhibited an increase in
whole-blood 5-HT levels, termed hyperserotonemia [35,36]. Whole-blood 5-HT, which is
primarily a measure of 5-HT stored in platelets, is likely to be derived almost entirely from
the intestine [37]; although platelets express SERT, they do not possess the enzymes
necessary to synthesize 5-HT [38]. Instead, 5-HT is synthesized in EC cells by TPH1,
secreted into the gut lumen, and thought to be incorporated into platelets as they pass
through the enteric circulation [26]. In this subset of ASD patients, therefore, elevations of
blood 5-HT levels may be indicative of dysregulation of gastrointestinal 5-HT secretion. In
fact, higher whole-blood 5-HT levels have been shown to correlate with constipation in
children with ASD [39]. It is also plausible, however, that other peripheral anomalies in 5-
HT production and regulation may contribute to hyperserotonemia, such as changes in
platelet 5-HT uptake or alterations in the proportion of free 5-HT cleared through the hepatic
and/or pulmonary systems [40]. The precise connection(s) between hyperserotonemia and
ASD pathophysiology, however, remain enigmatic. Although studies demonstrate a strong
heritability of whole-blood 5-HT levels [41-44], the clinical correlates between

Pharmacol Res. Author manuscript; available in PMC 2019 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Israelyan and Margolis Page 4

hyperserotonemia and ASD-associated behaviors (e.g., stereotypy and self-injury) have been
inconsistent [36,45-47].

3. The serotonin reuptake transporter (SERT) in ASD

Investigators have begun to elucidate the role(s) of S/c6a4, the gene which encodes SERT, in
individuals with ASD, in addition to the link between S/c6a4 variants and hyperserotonemia
[48,49]. A genomewide study of whole-blood 5-HT as a quantitative trait demonstrated
associations with S/c6a4 [49] and linkage studies in ASD have implicated the 17911.2
region containing S/c6a4[50,51]. Because common S/c6a4 variants have a limited
connection to ASD, investigators screened S/c6a4 for rare variants in multiplex families that
demonstrated strong linkage to 17q11.2. They identified five variants that were
overexpressed in the individuals with ASD; each variant was a gain-of-function mutation
that conferred a hyperactivity to SERT [36,52]. The most common of these variants, SERT
Ala56, was found to be associated with both rigid-compulsive behavior and sensory aversion
[53,54]. The mutation was subsequently incorporated into a murine model and entitled the
“SERT Ala56 mouse.” SERT Ala56 mice exhibit whole-blood hyperserotonemia as well as
brain and behavioral anomalies, including increased 5-HT clearance in the CNS,
hypersensitivity of CNS 5-HT 5 and 5-HT,a receptors, and behavioral anomalies emulating
those in ASD including repetitive behaviors, delayed communication and deficits in social
interactions [55]. It was more recently determined that the SERT Ala56 mice also possess
abnormalities in ENS development [56]. Specifically, the ENS of the SERT Ala56 mice
exhibits a markedly lower total neuron count, with a particular deficit in late-born neuronal
subsets whose development are under serotonergic control [33]. As a consequence of
abnormal ENS development, SERT Ala56 mice have abnormally slowed in vivo and in vitro
motility throughout the entire intestine, including a decrease in the frequency and speed of
colonic peristaltic contractions, which are thought to be under almost exclusive control of
the ENS [33]. Further, these mice also exhibit differences in the intestinal mucosa, including
an increase in EC cells as well as 7pA/transcripts, both of which may be contributory to the
demonstrated increase in whole blood 5-HT levels [33].

Interestingly, it may be possible to bypass the abnormalities caused by the SERT Ala56
mutation, by modulation of the 5-HT, receptor. The 5-HT,4 receptor has been implicated in
ENS neurogenesis and colonic motility [57-59]. It was recently demonstrated that
administration of the highly selective 5-HT, agonist, prucalopride during critical periods of
neurodevelopment, including gestation and breastfeeding, normalized enteric neuronal
numbers in the SERT Ala56 mice and also provided long-term rescue of colonic motility
[33].

4. Serotonin and the gut-brain-microbiome axis in ASD

Emerging evidence is supportive of the idea that specific intestinal bacteria may play
important roles in regulating levels of EC cell-derived 5-HT; levels of whole-blood 5-HT,
which may largely reflect production of 5-HT in EC cells, are decreased in germ-free mice
[60]. This may be a direct result of impaired bacterial production or secondary to the effects
of intestinal metabolites produced by the microbiota. For example, short-chain fatty acids,
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which are produced by enteric bacteria that ferment dietary saccharides, including
Clostridial species, have been shown to increase levels of 7pA#/mRNA in EC cells and,
subsequently, increase intestinal 5-HT levels without changing SERT expression [61].
Further, fecal metabolites produced by spore-forming bacteria, and particularly Clostridial
species, have been shown to increase 5-HT levels in EC cell cultures as well as in the colon
and blood of germ-free mice [62]. Conversely, 5-HT stimulates the growth of the commensal
facultative intestinal anaerobes Enterococcus faecalis and Escherischia coliin cell culture
[63,64].

Several transgenic mouse models possessing both ASD-associated behaviors and Gl
anomalies further support the notion that an enteric serotonin-microbiome connection exists.
SERT Ala56 mice demonstrate abnormalities in the intestinal microbiome that correlate with
slowed Gl transit (unpublished data). Further, the BTBR T+ Itpr3t/J (BTBR) mouse model,
which exhibits core behavioral features of ASD including deficits in social interactions and
engagement in repetitive behaviors [65], also demonstrates changes in intestinal microbiota
that correlate with slowed gastrointestinal transit and impaired production of intestinal 5-HT
[66].

Genetic abnormalities may not be the only etiology underlying the connection between the
gut-brain-microbiome axis and 5-HT. A prominent environmental risk factor for ASD may
be in utero exposure to fever or infection, particularly of viral origin, with recent data
suggesting that children with ASD and GI problems may be particularly likely to have been
exposed [56,67-70]. Additionally, immune system impairment has been noted in both
mothers of ASD patients and in ASD patients themselves [71]. ASD patients with comorbid
Gl dysfunction specifically exhibit altered innate immune responses and distinct pro-
inflammatory transcriptional profiles compared to ASD patients without GI dysfunction
[72,73]. The relationship between maternal infection, immunity and a gut-brain link in ASD
has been replicated in mouse models using the maternal immune activation (MIA) paradigm.
Changes in behavior, CNS neurodevelopment, intestinal permeability and the microbiome
that mimic ASD have been reported in mice exposed to MIA via administration of
polyinosinic:polycytidylic acid (poly 1:C), which models viral infection [74,75]. Recent data
from this mouse model also show alterations in CNS and intestinal 5-HT levels which
accompany the changes demonstrated in the GI microbiome and ASD-relevant behaviors
[75-78]. In one such model, investigators noted a dysbiosis in the stool of MIA progeny
mice, particularly in the classes Clostridia and Bacteroidia. Interestingly, treating the
dysbiosis in these mice with Bacteroides fragilis corrected both the GI permeability defects
and ASD-related behavioral abnormalities [75]. Further, MIA offspring display significantly
increased levels of serum indolepyruvate, a key molecule involved in tryptophan
metabolism; this imbalance was also corrected with treatment with B. fragilis [75].

The link between specific species of the enteric microbiome, 5-HT and Gl symptoms has
also recently been demonstrated in children with ASD. In the only multi-omics study of its
kind thus far, distinct connections were made between the GI microbiome, intestinal 5-HT
levels and gastrointestinal pain. Specifically, the investigators identified significant
associations between several enteric mucosa-associated Clostridial species and levels of
either tryptophan or serotonin in mucosal supernatant [79].
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Although distinct microbial differences have been noted individuals with ASD, studies have
been small, utilized very different methods of analysis and have evaluated dissimilar patient
populations [80]. These may be some of the reasons why no precise microbial composition
has been identified. A likely reason, however, why a unifying microbial composition is
unlikely to be found is due to the large heterogeneity of ASD phenotypes [81]. This issue
may be addressed more adequately in a large-scale study that takes ASD phenotypes into
account.

5. Future directions

There is an urgent need to develop novel therapies for ASD. Although over 70% of these
individuals are taking medication(s) [82], existing treatments are used primarily for specific
symptoms (e.g., irritability and agitation) [83], without the ability to address the underlying
neurobehavioral etiologies. Efficacy-based studies have failed to demonstrate an impactful
benefit of pharmacotherapy to the underlying disorder [84,85,83]. Although exploration into
the role of 5-HT and SERT as a gut-brain link in ASD has revealed novel insights, many
questions remain. For example, in addition to its presence in the central and enteric nervous
systems, SERT is also found in the epithelial cells of the intestine [86], pulmonary
endothelial cells [87], and in organs and cells that do not synthesize 5-HT, including
platelets and T and B lymphocytes [32]. The specific importance of CNS and ENS-derived
5-HT, in addition to 5-HT from these other systems, must be determined to enhance our
ability to create focused, effective therapies.

The gut phenotype rescued in the SERT Ala56 mice by pharmacological modulation of the
5-HT,4 receptor highlights the potentially important role that this receptor plays in the ENS
development and function [33]. Whether 5-HT 4 agonism will result in the rescue of the brain
or behavioral abnormalities demonstrated in the SERT Ala56 mice remains to be
determined. The expression of 5-HT,4 receptors in ASD-relevant regions in the CNS,
however, makes this a worthwhile pursuit [88]. It should also be noted that nonselective 5-
HT,4 agonists have been linked to a greater frequency of cardiovascular adverse events in
clinical trials; although the newer, more selective 5-HT,4 agonists have an improved safety
profile, an analysis of the risks and benefits of their use must be considered in clinical
settings [89]. Further, while agonism of the 5-HT, receptor remains a promising strategy
from a preclinical perspective, human studies are required to determine the safety and
efficacy of this approach.

Although microbiome studies thus far demonstrate a bidirectional relationship between 5-
HT and the enteric microbiota, the precise nature of the in vivo mechanisms governing this
relationship have yet to be determined. For example, whether gut microbiome or
metabolome abnormalities can cause immune dysregulation, or whether the reverse is true,
remains unanswered. Further, findings in murine studies require confirmation in humans.
Some therapies involving microbial manipulation may have promise, including those
involving probiotics or fecal transplant. Mice administered Lactobacillus reuteri demonstrate
improvements in GI and behavioral manifestations [90,91]. Findings in humans, however,
have been limited, and large prospective trials are warranted. Pilot studies evaluating the role
of other probiotics are on-going; an early-phase trial is currently analyzing whether a
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probiotic mixture of Lactobacilli and Bifidobacteria, particularly L. acidophilus, L.
plantarum, L. helveticus, L. paracasei, B. breve and B. lactis can improve Gl symptoms and
the quality of life in ASD patients [92]. A different study is evaluating the safety and
efficacy of a Bifidobacterium-based probiotic (BB-12; B. /actisin ASD, in addition to
whether it improves maladaptive behaviors as well as Gl symptoms [93]. Although the
single study evaluating Gl and behavioral outcomes after fecal transplant in ASD was highly
successful [94], the study was small and open-label. Based on these data, however, the
investigators have begun recruiting participants for a phase 2 double-blind placebo-
controlled trial [95].

There is currently no distinct microbiome profile characteristic of ASD or a specific profile
that is associated with its neurobehavioral manifestations. Moreover, whether changes in the
microbiome are caused by gastrointestinal dysfunction or, alternatively, whether changes in
the microbiome are causative of gastrointestinal problems, remains unclear. A study utilizing
a multi-omics approach similar to the one described above, but with a larger cohort is
ongoing [96] and may help to identify significant associations between the microbiome, 5-
HT, and gastrointestinal dysfunction in ASD [79].

Highlighting the underlying mechanisms by which ASD phenotypes are guided by the
developmental impact of serotonin on the ENS, CNS and the enteric microbiome will allow
for maturation of our understanding of ASD and will bring us closer to the development of
novel therapeutics. Based on its interactions within the CNS, ENS and enteric microbiome,
further study of 5-HT as a link in the gut-brain-microbiome axis in ASD is warranted.
Despite the current evidence, however, many questions remain.
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Fig. 1.
Schematic of the synthesis, inactivation and degradation of 5-HT in the intestinal epithelium

and ENS. 5-HT is synthesized in the intestinal epithelium by enterochromaffin (EC) cells
from tryptophan (Trp) by the rate-limiting tryptophan hydroxylase 1 (TPH1). Luminal
distention results in the basal release of 5-HT into the interstitial space of the lamina propria,
leading to activation of 5-HT receptors on intrinsic primary afferent neurons (IPANSs) in both
the submucosal and myenteric plexuses. 5-HT is inactivated through the actions of the
serotonin reuptake transporter (SERT), which is expressed by intestinal epithelial cells. Once
intracellular, 5-HT is degraded by monoamine oxidase (MAQ) into 5-hydroxyindoleacetic
acid (5-HIAA). Platelets also express SERT; they are thought to reflect stores of intestinal
epithelial 5-HT that are picked up as platelets pass through enteric circulation. The ENS
contains serotonin-synthesizing neurons. Enteric neurons utilize a different isoform of
tryptophan hydroxylase, TPH2, to synthesize serotonin from tryptophan, which is then
stored in synaptic vesicles. Secreted 5-HT activates post-synaptic receptors and is then
inactivated through pre-synaptic reuptake by SERT, where it can be packaged into vesicles
once again for release or degraded by MAQ into 5-HIAA.
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